Concerted evolution describes the unusual evolutionary pattern exhibited by certain repetitive sequences, whereby all the repeats are maintained in the genome with very similar sequences but differ between related species. The pattern of concerted evolution is thought to result from continual turnover of repeats by recombination, a process known as homogenization. Approaches to studying concerted evolution have largely been observational because of difficulties investigating repeat evolution in an experimental setting with large arrays of identical repeats. Here, we establish an experimental evolution approach to look at the rate and dynamics of concerted evolution in the ribosomal DNA (rDNA) repeats. A small targeted mutation was made in the spacer of a single rDNA unit in Saccharomyces cerevisiae so we could monitor the fate of this unit without the need for a selectable marker. The rate of loss of this single unit was determined, and the frequency of duplication was also estimated. The results show that duplication and deletion events occur at similar rates and are very common: An rDNA unit may be gained or lost as frequently as once every cell division. Investigation of the spatial dynamics of rDNA turnover showed that when the tagged repeat unit was duplicated, the copy predominantly, but not exclusively, ended up near to the tagged repeat. This suggests that variants in the rDNA spread in a semiclustered fashion. Surprisingly, large deletions that remove a significant fraction of total rDNA repeats were frequently found. We propose these large deletions are a driving force of concerted evolution, acting to increase homogenization efficiency over-and-above that afforded by turnover of individual rDNA units. Thus, the results presented here enhance our understanding of concerted evolution by offering insights into both the spatial and temporal dynamics of the homogenization process and suggest an important new aspect in our understanding of concerted evolution.
Introduction
Concerted evolution describes the unusual evolutionary behavior of certain repeat sequences in which the repeats are maintained with the same sequence within a genome but accumulate differences between species (Zimmer et al. 1980; Elder and Turner 1995) . This is contrary to the pattern expected under classical evolution, where the sequences of individual repeats are expected to diverge within a genome over time, and thus, orthologous relationships between individual repeats in related species will be identifiable. This unusual evolutionary behavior of repeated sequences has been known about for over 40 years (Britten and Kohne 1968; Brown et al. 1972) . A number of repeated elements appear to evolve in a concerted fashion (Elder and Turner 1995) , and concerted evolution is also thought to be important in the evolution of gene duplicates (Gao and Innan 2004) . However, several repeat families have recently been shown to not display the classical pattern of concerted evolution and instead are proposed to evolve via a ''birth-and-death'' process (Nei and Rooney 2005) that is characterized by infrequent duplications of repeats, with the initially high level of sequence similarity decaying away through mutation without the action of a homogenizing mechanism.
The ribosomal DNA (rDNA) repeats in eukaryotes are the best-known example of a repeat family undergoing concerted evolution (Ganley and Kobayashi 2007; Stage and Eickbush 2007) . The rDNA repeats are organized as head-to-tail tandem repeats found at one or more chromosomal locations, often termed nucleolar organizer regions because nucleoli form around them. An rDNA repeat unit contains the coding regions for 5.8S, 18S, and 28S ribosomal RNA (rRNA), and these are separated by a series of spacers. The largest spacer, separating adjoining cistrons, is called the intergenic spacer (IGS) , and in some species, this also contains the 5S rRNA gene ( fig. 1 ) (Long and Dawid 1980) . The rDNA is essential for ribosome biosynthesis but also appears to have a number of ''extra-coding'' functions Boisvert et al. 2007; Kobayashi 2008) . rDNA copy number within a species is held around a constant number, although the precise copy number varies between individuals (Lyckegaard and Clark 1991; Cowen et al. 2000) . Interestingly, many organisms appear to maintain more copies than are necessary for their survival (Ide et al. 2010) , with these extra copies being transcriptionally silent (Conconi et al. 1989; Lucchini and Sogo 1992; French et al. 2003) .
The evolutionary ''pattern'' of concerted evolution is a result of a molecular ''process'' known as homogenization (Dover 1982) . A substantial body of work now indicates that unequal recombination between repeats is the driving force behind homogenization (Eickbush TH and Eickbush DG 2007) . Unequal recombination leads to stochastic increases and decreases in repeat copy number, manifesting itself as copy number variation. This turnover of repeats, occurring faster than the rate of mutation, is believed to result in homogenization. Unequal recombination in the rDNA has been a target of extensive investigation in Baker's yeast, Saccharomyces cerevisiae. Saccharomyces cerevisiae has a single rDNA repeat array, consisting of around 200 copies located on a single chromosome, chromosome XII (Petes 1979) . Initially, copy number change of the rDNA was thought to arise from unequal exchanges between sister chromatids (Szostak and Wu 1980) . However, other mechanisms of rDNA copy number change have also been implicated, including: intrachromatid recombination, resulting in looping out of repeat units from a single DNA molecule (Butler and Metzenberg 1989) ; single-strand annealing, where a broken end is degraded and reanneals with an upstream repeat, deleting the intervening repeats (Ozenberger and Roeder 1991) ; gene conversion, the unidirectional transfer of DNA sequence from a donor DNA strand to a recipient (Gangloff et al. 1996) ; and synthesis-dependent strand annealing, where a broken fork uses another repeat to restart replication (Kobayashi et al. 1998) . Although the relative contributions of these mechanisms to rDNA copy number change remains unknown, rDNA recombination appears to be highly regulated in yeast (Kobayashi et al. 2004 A comprehensive understanding of concerted evolution in the rDNA requires detailed knowledge of the spatial and temporal dynamics of rDNA recombination (Lyckegaard and Clark 1991; Dover et al. 1993) . In this study, we aimed to build on classical approaches that have addressed the dynamics of rDNA recombination (Szostak and Wu 1980; Gangloff et al. 1996; Johzuka and Horiuchi 2002) . To do this, we used an experimental evolution approach in S. cerevisiae to follow the fate of a single rDNA unit through time. Saccharomyces cerevisiae has a number of features that make it a powerful model system for eukaryotic experimental evolution. It shows rapid growth, can be grown in liquid cultures and on plate cultures in colonies derived from single cells, its growth requirements are well understood and it can be stored indefinitely in freezer stocks. Furthermore, we developed a way to tag an rDNA unit with a presumably near-neutral change to avoid potential alterations to rDNA chromatin structure. This system allowed us to measure the rate of turnover of rDNA repeats and to follow the spatial dynamics of the rDNA recombination responsible for this turnover.
Materials and Methods
Yeast Strains, Plasmids, and Media Routine culturing of S. cerevisiae was performed according to standard protocols (Guthrie and Fink 1991) on SD and YPD media. Yeast strains and plasmids are listed in table 1.
Molecular Biology Techniques
Routine molecular biology techniques (polymerase chain reaction [PCR] , gel electrophoresis, ethidium bromide staining, and Southern hybridization) were performed according to standard protocols (Sambrook and Russell 2001) . Yeast transformations were performed according to Agatep et al. (1998) . The primers used in this study are presented in table 1.
Experimental Evolution Regime
Each experimental evolution culture was maintained as a 5 ml YPD liquid culture in a test tube. Growth was performed at 30°C on a suspension mixer for 24 h. After each 24-h period (ten generations), 5 ll of the liquid culture was used to inoculate a fresh 5 ml YPD test tube. This regime minimized bottlenecking (around 1 million cells were transferred per inoculation) while maximizing generations.
Colony PCR
Colony PCR to monitor the rate of tag repeat loss was performed in 96-well plate format. A visible clump of cells was picked from each colony using a pipette tip and suspended in 15 ll of H 2 O in a 96-well plate. The plate was then frozen at À20°C overnight. The following day 10 ll of a routine PCR cocktail containing tag-specific (7328/Mu7448) and control (Apc2r-F/R) primer sets and 0.75U of Platinum Taq polymerase (Invitrogen) was added to each well, and hot-start PCR was performed with an annealing temperature of 62°C for 33 cycles. Ganley and Kobayashi · doi:10.1093/molbev/msr117
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Pulsed Field Gel Electrophoresis
Preparation of chromosomal DNA in agarose plugs for pulsed field gel electrophoresis (PFGE) analyses was performed as previously described, using 2 mg/ml of Zymolase 20-T (Seikagaku) and a 6 h digestion (Birren et al. 1997) . For restriction enzyme in-plug digestion, half plugs were first washed three times in ddH 2 O for 20 min each, followed by three washes in 500 ll of restriction enzyme buffer at 37°C for 20 min each. This was followed by incubation with 250U of BamHI and 0.01% bovine serum albumin in 500 ll reaction volume for ;16 h at 37°C. These digests were separated on 1% pulsed field certified agarose (BioRad) gels using the CHEF Mapper (BioRad) with the following parameters: 6.0 V/cm; 0.2-204 s ramped pulsed time; 15.2 h; 0.5Â Tris-borate-EDTA buffer; 14°C. rDNA bands were detected using a probe from the S. cerevisiae 25S rRNA gene (using primers C25S-F/R).
Statistics
The rate of loss of the tag rDNA unit by generation was plotted using Prism (GraphPad Software), and a one-phase exponential decay series was fitted to the data using the curve fitting function of Prism. Comparison of the rate of loss of the unit (K) between transformant lines was calculated using one-way analysis of variance (ANOVA) in Prism.
Results
Creating a Tagged rDNA Unit
Homogenization of the rDNA repeat array is thought to occur via turnover of individual rDNA repeat units by stochastic gain or loss, resulting from unequal recombination. Therefore, to understand the dynamics of rDNA homogenization, we wanted to follow duplication and deletion of a repeat unit in the rDNA array, similar to that undertaken in the pioneering work of Szostak and Wu (1980) . Chromatin structure is thought to play a critical role in rDNA recombination, therefore the behavior of an rDNA repeat tagged with a selectable marker might not reflect that of native rDNA units (Gottlieb et al. 1989) . To avoid the use of selectable markers, a 5 bp substitution was made in a region of the IGS with no known function. This substitution formed a unique BamHI site and a unique PCR priming site ( fig. 2A ), allowing us to identify the tagged unit in the rDNA array, and follow its duplication and deletion. Rate of Concerted Evolution in Ribosomal DNA · doi:10.1093/molbev/msr117 MBE A PCR product containing the 5 bp substitution was constructed using overlap PCR (supplementary fig. 1 , Supplementary Material online) and verified by sequencing. This PCR product was used to transform S. cerevisiae strain JK9-3d along with a nonintegrating plasmid carrying a URA3 selectable marker (pRS426) to enrich for transformation-component cells. We chose a PCR-based screening approach to look for isolates with a tagged rDNA unit. Primers were designed to allow specific detection of the tagged rDNA unit, and trials demonstrated that these primers amplify only the tag rDNA unit not the wild type (results not shown). Transformants were then placed into a series of hierarchically organized pools, with genomic DNA being extracted from the top level of these pools and then being screened by PCR for the 5 bp substitution (henceforth called the ''tag''). Subpools of pools that were positive for the tag were then screened iteratively in a similar way until individual colonies containing the tag were identified. About one-in-fifty transformants were found to contain the tag, suggesting that targeting of the tag to the rDNA was very efficient and that selectable markers are not necessary for making alterations to individual rDNA units in S. cerevisiae.
To determine where in the rDNA array the repeat unit with the tag is located, we screened all tag transformants using PFGE following BamHI digestion. BamHI does not cut in the rDNA array in yeast, except in units containing the tag. Therefore, the number of bands indicates the number of rDNA units containing the tag, and the relative sizes of those bands indicate where in the array, the tag-carrying rDNA unit is located. All the tag transformanants were found to contain only a single tag, and this was inserted into various places in the rDNA array ( fig. 2B ). We chose three tag transformants to start experimental evolution lines with: transformants 424, 432, and 521, with the approximate location of the tag rDNA unit indicated in figure 2C .
Growth of Experimental Evolution Lines
For each tag transformant, three replicate lines were established, and these were grown at ten generations/24 h, for a total of ;500 generations each (see Materials and Methods for details). The level of growth in a 24-h period was highly reproducible over the course of the experiment, as determined by optical density (results not shown).
Rate of Loss of the Tagged rDNA Repeat
A PCR screening approach was used to monitor the rate of loss of the tagged rDNA unit. At various generation time points, the experimental evolution lines were plated for single colonies onto YPD plates. Colony PCR was performed on at least 230 colonies for each replicate, chosen at random. A primer pair designed to specifically amplify the tag rDNA unit was used, along with a control primer pair to ensure the colony PCR was successful. From this, the frequency of cells having lost the tag repeat was determined for each replicate line at each time point. The results are plotted in figure 3 .
The results show a steady loss of the tag repeat over the 500 generations. If rate of loss is the result of a stochastic process, we would expect it to fit an exponential decay series. The data fitted a simple exponential decay series very well, with each line showing an r 2 of at least 0.983, suggesting loss of the tag repeat unit occurs monotonically, at least over the time period observed. The decay rate, K, is the rate per cell division at which the tag repeat is lost from the array, and this was determined from the curve fitting in figure 3 and is shown in table 2. The rate of loss was similar for all three strains ( fig. 3B, table 2, and supplementary fig. 2 , Supplementary Material online), with the 424 transformant line showing a slightly lower rate, although this difference is not statistically significant (P 5 0.0612 by one-way AN-OVA, similar results were obtained using unpaired T-tests). The average loss rate of the tag rDNA unit across all lines is 3.2 Â 10 À3 (table 2) . This statistic represents the loss rate of just the tag repeat unit. If we extrapolate to all 200 repeat The tag unit, which has a BamHI recognition site, is shown as a black box in amongst the wild-type gray units for each transformant line. Representative repeat numbers only are shown. We did not determine which end of the array the tag repeat was present, so the orientation shown here is arbitrary.
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One tag transformant replicate (5212; fig. 3A ) appears to show an accelerated rate of loss. However, curve fitting suggests that this strain is losing the tag repeats at the same rate as the other lines (table 2) . Instead, it seems that this line started with a much higher proportion of cells lacking the tag repeat (around 75% loss at t 5 0). The experimental evolution cultures were each started from a single colony; therefore, it is likely that there was, by chance, a tag loss event at an early stage in the growth of the colony that was used to start 5212, such that about three quarters of cells that were used to start this line had already lost the tag rDNA unit. This replicate was omitted from the 521 transformant line plot in figure 3B and from the average rate of loss in table 2.
Dynamics of Duplication of the Tagged rDNA Repeat
The rate of duplication of the tag rDNA repeat is much more difficult to measure than the rate of loss. To monitor duplication, we used a PFGE-based assay. The only BamHI site in the rDNA array is in the tag; therefore, if the tag is duplicated, it will create an additional BamHI site in the rDNA array (Szostak and Wu 1980; Gangloff et al. 1996; Johzuka and Horiuchi 2002) . A duplication of the tag repeat can thus be detected as an extra rDNA-hybridizing BamHI band on a PFGE gel ( fig. 4A ). Unlike PCR, PFGE is not amenable to high-throughput analysis; therefore, we concentrated our effort on one transformant (4323) at a single time point. We chose generation 50, even though this time point was not included in the original assay for unit loss. This was chosen to minimize the number of events where a unit is duplicated and then deleted (therefore erroneously appearing as no change). Two hundred and ninety-three randomly selected colonies from transformant 4323 at generation 50 were analyzed by PFGE.
A number of duplication events were identified (see fig. 4B for examples), and a summary of the results is shown in supplementary figure 3, Supplementary Material online. Colonies with apparent duplication events accounted for 9.9% of the colonies analyzed by PFGE, although some had apparently undergone two duplication events, bringing the number to 11.6% if these are included. The PFGE screening technique can also detect loss of the tag rDNA unit, as these events recreate a single large rDNA band. Overall, 15.0% of colonies had lost the tag rDNA unit as measured Rate of Concerted Evolution in Ribosomal DNA · doi:10.1093/molbev/msr117 MBE by the PFGE Southern blots. We also measured the amount of tag repeat loss using the PCR screen with this line at 50 generations and, consistent with results from the Southern analysis, 13.4% of colonies had lost the tag repeat at this time point (results not shown). The discrepancy between these results is likely due to sampling fluctuation, as the cells analyzed are not the same and the numbers analyzed also differ. These data are also consistent with the expected loss at 50 generations (20.1%) from the graph in figure 3 . Therefore, these results indicate that the level of duplication of the tag repeat is similar to the level of loss. The PFGE method for monitoring duplication also shows approximately where in the array, the duplicated copy ends up, thereby revealing the spatial dynamics of rDNA recombination. This depends on the degree of misalignment during rDNA recombination and can be determined from the size of the additional BamHI band that results from a duplication event ( fig. 4A ). For example, if the additional band is ;9 kb, then the tag repeat misaligned by a single repeat unit, resulting in the tag repeat being duplicated to a neighboring repeat. Conversely, if the additional band is large, then the tag repeat must have misaligned with a very distant repeat. We found that duplication events could be placed into two categories: events where the duplicated repeat was within nine repeats of the original tag repeat and events where the duplicated repeat was more than 14 repeats units away from the original tag repeat (fig. 5A ). The former class is about three times more frequent than the latter class, suggesting local misalignments are more common than distant events. Nevertheless, long-range misalignments do occur at an appreciable frequency.
Finally, PFGE revealed a surprising feature of tag unit loss that could not be detected by the PCR screen. A number of colonies were found that had only one rDNA-hybridizing band, consistent with a tag repeat loss event; however, this band was much smaller than the normal single rDNA unit band (see fig. 4B ). Interestingly, this small rDNA band was usually much more fuzzy than usual rDNA bands. Fuzzy 1-18) . This blot shows examples of simple loss (lane 9), loss with large deletion producing a single small, fuzzy band (lanes 3, 10, and 16), large deletion not associated with tag repeat loss (lane 4), and duplication (lanes 6, 11, and 18). Control lanes: wild-type strain digested with BamHI to give a full rDNA array of ;1.9 Mb in size (wt), and digested with KpnI, that cuts once within each rDNA unit, producing a 9.1 kb single rDNA unit band (KpnI).
Ganley and Kobayashi · doi:10.1093/molbev/msr117 MBE PFGE rDNA bands are a hallmark of amplifying rDNA arrays (Kobayashi et al. 1998) , and therefore, we suggest that these small fuzzy bands without a tag repeat represent instances where a large number of repeat units have been deleted, and the rDNA is in the process of amplifying the copy number back up to normal. The number of repeats deleted was sometimes quite large: up to 75% of all repeats deleted.
We arbitrarily decided to use a threshold of loss of at least 25% of repeat units to define ''large deletions.'' Using this threshold, 15.0% of colonies displayed a large deletion, and on average, these large deletions resulted in loss of 44.6% of the repeats in the array (assuming an initial copy number of 200). Around two-thirds of these large deletions involved loss of the tag repeat (supplementary fig. 3 , Supplementary Material online). The distribution of repeat losses appears to be bimodal ( fig. 5B) , and deletions that do not result in loss of the tag repeat make up the majority of smaller ''large deletions.'' Finally, our calculations of the percent of repeats deleted are likely to be underestimates, as unless we catch a deletion as soon as it occurs, amplification is expected to have increased rDNA copy number (Kobayashi et al. 1998 ).
Discussion
Using an experimental evolution approach with S. cerevisiae strains carrying a single rDNA unit that was tagged with a 5 bp substitution, we have been able to monitor the dynamics of duplication and deletion in the rDNA array without the use of selectable markers. A PCR-based high-throughput screen demonstrated that loss of the tag rDNA repeat occurs monotonically, at a rate of 3.2 Â 10 À3 loss events per generation. Previous studies in yeast have calculated the rate of rDNA unit deletion through loss of a selectable marker to be between 5 Â 10 À4 and 2.5 Â 10 À3 events/generation (Szostak and Wu 1980; Prakash and Taillon-Miller 1981; Gangloff et al. 1996; Zou and Rothstein 1997; Kaeberlein et al. 1999 ). Our results are very similar to these previous estimates, albeit slightly higher, suggesting that the presence of a selectable marker in an rDNA repeat unit has little effect on its rate of recombination.
The rate of rDNA repeat unit duplication is not amenable to high-throughput analysis and therefore could not be measured directly. Nevertheless, a PFGE-based screen for duplication at a single time point revealed that duplication events occur often, with a frequency of 11.6%. This compares with a frequency of loss of 13.4% or 15.0%, as measured by PCR and PFGE assays, respectively. Therefore, the frequencies of duplication and deletion we observed are consistent with a model in which duplications and deletions occur stochastically at a balanced rate. Nevertheless, our observation of a slightly lower duplication frequency may represent a real biological difference, given previous reports of a preponderance of deletions over duplications Metzenberg 1989, 1990; Gangloff et al. 1996) . Rigorous demonstration that duplications and deletions occur at the same frequency will require the development of high-throughput assays for measuring the rate of duplication and/or mutants that able to genetically separate duplication from deletion.
PFGE analysis also allowed us to observe the spatial dynamics of rDNA unit duplication. The distance between the original tag repeat and its duplicated copy indicates how unequal the alignment was during recombination, and our results show that both short-range and long-range duplication events occur. Short-range duplications, resulting from local misalignments, are the most common. However, long-range misalignments are also observed. These results predict that if variants are spreading within an array, they will tend to cluster but with a degree of escape from clustering. Genome sequencing approaches are not able to order repeats in the array and so cannot currently determine clustering of variants in natural rDNA arrays, but more indirect observations of variant distribution are consistent with imperfect clustering (Williams et al. 1990; Ganley and Scott 1998; McTaggart et al. 2007) . Greater knowledge of the recombination pathways that mediate rDNA recombination as well as a greater understanding of the 3D organization of the rDNA will help to clarify the underlying basis of the rDNA duplication dynamics observed here.
Perhaps, the most significant result from this study is the observation that deletions of a large number of repeats are a frequent event in the rDNA. These large deletions appear to be responsible for a significant proportion of tag loss events. The fuzzy nature of the PFGE rDNA band in colonies that appear to have undergone these large deletions suggests that copy number is being recovered through (A) Distribution of distances between the tag repeat and its site of duplication. The distance (in repeat units) between the original tag repeat (in black) and the point of duplication is indicated by the curved lines. The thickness of the line is proportional to the number of times this duplication distance was observed. The distinction between duplications less than ten repeat units away (white boxes) and more than ten units away (gray boxes) is indicated. (B) The distribution of large deletion sizes as a percent of total rDNA repeats deleted. Large deletions (defined as more than 25% of repeats deleted) were put into bins of repeat percent deleted, and the numbers plotted. The numbers of large deletions that are not associated with tag repeat loss, and those that are associated with tag repeat loss, indicated by gray and black bars, respectively, are plotted. There were four colonies for which we were unable to determine the precise size of the large deletion.
Rate of Concerted Evolution in Ribosomal DNA · doi:10.1093/molbev/msr117 MBE rDNA amplification, probably as a result of transcriptional activation of the noncoding IGS promoter, E-pro . Large deletions in the rDNA have been previously observed (Butler and Metzenberg 1989; Pukkila and Skrzynia 1993; Zhang et al. 2008) , including events in S. cerevisiae with a similar profile to those observed here (Michel et al. 2005 ), but their significance for concerted evolution has not been considered. We propose that these large deletions play an important role in concerted evolution, as we outline below.
Our measurements of the rate of repeat unit loss and gain document a very rapid level of rDNA repeat turnover, as much as one event per cell division. However, this may still be inadequate to explain the level of homogenization observed in nature. Polymorphisms in the IGS region have been observed between individuals from the same species (James et al. 2001; Ganley et al. 2005) , and these polymorphisms appear to be fixed in at least a majority of the rDNA repeats in these individuals (Ganley and Kobayashi 2007) . Therefore, concerted evolution must be rapid enough for these polymorphisms to have spread throughout the repeat array in the time since the last common ancestor of the individuals in question lived. We propose that the large deletions we observed in this study offer a solution to the conundrum of rapid concerted evolution by providing a powerful bottlenecking force in the rDNA that speeds up homogenization. A large deletion event will increase both the chance of a particular unit in the array being deleted and of it being duplicated if it survives deletion, compared with a homogenization process that involves just a single repeat unit. Concerted evolution is believed to result from both removal of rare variants from the array and from occasional spread of a rare variant through the array until fixation; therefore, large deletions will increase the rate of both of these homogenization avenues. Thus, we propose that large-scale deletions are an important component of homogenization and help to explain the highly efficient nature of concerted evolution in the rDNA.
In summary, our results have advanced our understanding of the concerted evolution of the rDNA in three major respects. First, loss of rDNA repeats fits a model of frequent, stochastic loss, and repeat duplications occur at a similar frequency, consistent with a model of stochastic gain-and-loss of rDNA units. Second, when an rDNA repeat duplicates, the duplicated copy usually ends up near to the original repeat but will occasional duplicate more distantly. This implies that spreading of a variant in the rDNA will result in a mosaic of variant clusters and dispersed variant copies in the array. Third, large deletions are a common feature of rDNA copy number variation, and we propose that these act as a significant driving force in the homogenization of the rDNA. We are currently developing computer simulations to determine what effect these features have on the homogenization of the rDNA.
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